Ascidian is a useful experimental animal for studying body planning principles and host defense mechanisms employed by the phylum chordata. Toward this goal, genome and cDNA/EST projects of Ciona intestinalis have been undertaken. Using cDNAs and ESTs derived from Ciona hemocytes, we identified 79 possible hemocyte-preferential transcripts and determined the cDNA sequence of each clone. The amino acid sequence of each encoded polypeptide was predicted as well. Among these cDNAs, we identified three transcripts that may be involved in characteristic cell-cell communication in Ciona. These transcripts encoded leucine-rich repeat-containing RP105-like, IL-17 receptor/similar expression to FGF-like, and ectodysplasin-like polypeptide of the tumor necrosis factor family, and they are expressed abundantly in hemocytes.
Introduction
Ascidians occupy a unique position in the evolution of deuterostomes. In both ascidian, categorized as urochordata, and amphioxus, categorized as cephalochordata, the development of the notochord is a critical event for induction of the dorsal neural tube. Ascidian is therefore a key animal for understanding the body plan principles that are employed by the phylum chordata, which includes vertebrates. To elucidate these principles, various attempts to screen ascidian mutants 1,2 and to genetically manipulate ascidians 3, 4 have been reported. In parallel, multiple genomic studies of this animal are now being performed. For example, a draft genome sequence 5 and a series of cDNA/EST projects of Ciona intestinalis, an ascidian species that is used worldwide, have recently been reported. The cDNA/EST projects have covered several different stages of ascidian development, including fertilized eggs, 6 cleavage-stage embryos, 7 tailbud embryos, 8 larvae, 9 young adults, 10 and testis. 11 The total number
Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-22-717-8477, Fax. +81-22-717-8482, E-mail: satake@idac.tohoku. ac.jp of collected ESTs has reached 81,637, and they have been grouped into 13,464 clusters 12,13 that probably correspond to independent transcriptional units and most likely cover 85% of the predicted Ciona genes.
The host defense mechanisms of ascidian are also interesting. Although elements of acquired immunity have not been found, the innate immune function of ascidian is considered to be a prototype of the corresponding system in vertebrates.
14, 15 We recently performed a cDNA/EST project of Ciona hemocytes, 16 which play a major role in its host defense mechanism. We have collected 3357 ESTs and grouped them into 1889 clusters. Based on homology searches and domain analyses, 530 clusters were found to be homologous to known genes with some function, and 62 out of 530 clusters represented transcripts involved in cytotoxicity, detoxification, and inflammation. On the other hand, 1359 clusters (72%) did not show significant similarities to known proteins or did not give enough information to speculate with regard to protein function.
Considering the present situation that the draft genome and cDNA/EST sequences are available, one of the next goals in the genome science of ascidian is the full length sequencing of each cDNA clone and their assign-204 Ascidian Hemocyte cDNAs [Vol. 10, ment on the genome sequence. In particular, we have an interest in the features of transcripts which are expressed preferentially in hemocytes, a point not addressed in our previous EST study. 16 In this report, we identified 79 transcripts that appear to be preferentially expressed in Ciona hemocytes, sequenced each cDNA clone and predicted its coding sequence. We also examined the expression patterns of several of these transcripts that may play roles in cell-cell communication.
Materials and Methods

In silico subtraction and cDNA sequencing
The features of 3357 ESTs derived from a Ciona hemocyte cDNA library were published 16 and registered in a db/EST section of the NCBI/GenBank. Their accession numbers are BM959590 through BM962952. We performed a nucleotide (nt)-based BLAST 17 search (blastn) using these 3357 hemocyte-derived ESTs as queries 16 against an EST database containing 81,637 ESTs that represent several developmental stages.
12,13 It must be noted that no expression was detected in hemocytes by the whole mount in situ hybridization, in which each of 976 independent clusters was selected randomly from the young adults ESTs and used as a probe. 10 This suggests that the amount of hemocytes is not abundant, if any are present, in the young adult, and indicates that the subtraction procedure described above is reasonable. Thus, we identified 110 ESTs of hemocyte origin that did not show significant homology to any ESTs in the database (score < 100).
The entire sequence of both strands of each cDNA insert was determined by a primer-walking method. We then used these sequences as queries to perform a second blastn BLAST search against the same database of 81,637 ESTs. Out of 110 original sequences, 17 sequences were now found to have corresponding ESTs, but 93 sequences still did not match any EST in the database. We used the Phrap program (provided through the courtesy of Philip Green, University of Washington, Seattle, USA) to assemble several of the 93 sequences into contigs that are presumably derived from identical or alternatively spliced transcripts. Finally, a total of 79 possible hemocyte-preferential transcription units were identified and these sequences were registered in NCBI/GenBank.
5 -RACE and RT-PCR
For two of the cDNA clones, cihA3I8 and cihA4F14 (cih is the abbreviation of Ciona intestinalis hemocytes), a 5 -RACE method was also performed to extend their 5 portions. The DNA prepared from a bacterial lysate of a hemocyte cDNA library was used as a template. The primers were set on the cDNA and vector sequences, respectively, and sequences were extended by several 5 -RACE cycles using Ex Taq polymerase (Takara).
Thus, this method of 5 -RACE was actually equivalent to that of PCR. The extended sequences were determined by sequencing the PCR products, combined with those derived from the cDNA inserts and were assembled into contiguous sequences.
A semi-quantitative RT-PCR method was performed as described previously. 16 The forward and reverse primers were set on two separate portions of cDNA sequences derived from a different exon. The sequences of forward and reverse primers, respectively, were as follows; 5 -cggaggattcaacagcggacgatt-3 and 5 -tcgtcacctgccactcaaacggaat-3 for ectodysplasin-like, 5 -gtcaccttgtcacaagtgcgtcac-3 and 5 -ccgatgcgaaggtacagtatgcaac-3 for CD40 ligand-like, 5 -atacctgctcatctgccgtatccct-3 and 5 -taagggcaggcgaagaaatatggg-3 for Fas-ligand-like, 5 -cggctaacgaatacgaggac-3 and 5 -acattagattcgctgatgacatatg-3 for TNFα-like, 5 -aatgtccgagtttccagaacg-3 and 5 -actcacccaactgtagcaaagtctt-3 for IL-17R/SEF-like, 5 -tcgtagattaccatcacagctagcag-3 and 5 -ccgagtcgaactactgggacaatata-3 for RP105-like, 5 -gttgatgctgacggcaacg-3 and 5 -tcaatcagcctatggaatga-3 for calmodulin. A fixed amount of cDNA was used for PCR at each of 25, 30, and 35 cycles where one cycle consisted of 30 sec at 94
• C, 30 sec at 64
• C, and 60 sec at 72
• C. The reaction mixture containing Taq DNA polymerase from Thermus aquaticus was set up according to the manufacturer's instruction (Sigma) and the reaction products were run through agarose gels. The relative intensity of amplified product compared to the internal DNA marker was determined using the NIH Image 1.63 program (http://rsb.info.nih.gov/nih-image/download.html).
Results and Discussion
Functional classification of cDNA sequences
First, we attempted to determine what polypeptides are encoded by the 79 possible hemocyte-preferential cDNAs. Each sequence was analyzed by a translated BLAST search (tblastx) against the NCBI/GenBank database. The results were classified according to the putative function of each protein. Table 1 shows the classification of each cDNA clone. This classification was originally used in the EST analysis of sea urchin embryos 18 and has been employed in a series of Ciona EST projects. [6] [7] [8] [9] [10] [11] The cDNAs in groups A, B, and C showed homology to proteins of known function and together represented 52% of the total cDNAs. The cDNAs in group DI showed significant homology to "hypothetical," "unnamed," or "unknown" proteins. In contrast, group DII contained the largest number (26) of cDNAs, which showed no significant homology to any known proteins. Table 2 shows the gene to which each of the cDNAs in groups A-DI showed the highest homology. The corresponding gene assignment in the draft Ciona genome sequence for each cDNA is also provided in Table 2 . This assignment should be useful to predict exon-intron boundaries of genes by comparing the cDNA and genomic sequences.
Putative cDNA coding sequences
Next, we tried to predict the possible coding sequence (CDS) of each cDNA clone ( Table 3 ). The longest reading frame was first determined mechanistically. The amino acid (aa) sequence deduced from such reading frame was then used as a query in an aa-based BLAST search (tblastn) against the NCBI/GenBank database. For each putative CDS, the protein with the highest homology was identical to that which is presented in Table 2 . Therefore, the CDS predicted for each clone in groups A-DI most likely represents the authentic protein.
There were no similar criteria for the clones in group DII, so only CDSs longer than 100 aa residues were tentatively predicted for each of these clones. Overall, the longest CDS, which was predicted for cihA1M21, was 1970 aa long, and the shortest CDS was 65 aa long, predicted for cihA5D7. The average CDS length was 360 aa.
Each predicted CDS was characterized by the presence or absence of an in-frame upstream termination codon (u.t.c.), an initiating methionine codon (i.m.c.), or a translation termination codon (t.c.) (Table 3) CDSs, which probably correspond to the central and amino-terminal portion of ORFs, respectively. The above-described features of various types of CDSs indicate that, although onequarter of the cDNA clones appear to encode an intact ORF, extension of the cDNA, particularly in the 5 direction, will be necessary to determine the entire ORF of the remaining clones. Indeed, we have successfully done this for two clones, cihA3I8 and cihA4F14, as described in Materials and Methods.
Features of 79 hemocyte transcripts
So far, we have identified and sequenced 79 cDNAs, and predicted their CDS. They represent the candidate genes expressed preferentially in Ciona hemocytes. One of the characteristics of these cDNAs appear to be the presence of group DII. The genes in DII occupied 33% of total genes analyzed in this study (Table 1) . It should be noted that CDSs could be assigned for most of these sequences (Table 3) . Since the BLAST search using these CDSs did not hit any significantly homologous gene in the data base, it is likely that these peptide-encoding genes indeed represent new genes.
To confirm the above point, we further searched by BLAST whether the genomes of Fugu rubripes and Danio rerio, species closest to Ciona among vertebrates, contain genes corresponding to those of Ciona. As seen in Table 4 , the Ciona genes in group DII again did not hit any homologous sequence in Fugu (nor in Danio, data not shown). Therefore, it is highly likely that Ciona hemocytes preferentially express a number of unknown genes whose function has not yet been elucidated. It is also For several cDNA clones, the corresponding gene could not be assigned in the draft Ciona genome 5 either due to the lack of gene prediction on the genome sequence or due to the lack of genome sequence itself. A p value less than E-05 was considered to represent a significant homology. Note that five cDNA clones whose p values were more than E-05 were tentatively assigned to the indicated class. They corresponded to cihA4L16, cihA8M21, cihA10E1, cihA1O20, and cihA8F16.
noteworthy that the average aa identity of known Ciona and Fugu genes in the homologous region in groups A-C was as low as 39%. This suggests that Ciona and vertebrates are evolutionarily distant.
Another characteristic feature seen from Table 2 is that most of the genes in groups A-C did not appear to be immediately related to host defense. This was unexpected, since we speculated initially that the genes involved in immunity would be expressed more or less preferentially in hemocytes. However, taking into consideration the present situation whereby the molecular markers of ascidian hemocytes are not known, the genes listed in Table 2 can serve as a basis to search for molecular diagnostic probes of Ciona hemocytes.
No 
Genes involved in cell-cell communication
Although the genes directly implicated in host defense were not revealed, three cDNAs-cihA3I8, cihA4F14, and cihA3C10-encode proteins that are involved in cell-cell communication and may reflect characteristics of Ciona hemocytes. To analyze them further, we performed a domain analysis for the ORF/CDS predicted for each of these clones using the RPS-BLAST and SMART 19 programs; the results are shown in Fig. 1 . The possible biological significance of each of these proteins is discussed below.
An RP105-like gene
The ORF deduced from clone cihA3I8 predicts a 933-aa polypeptide that shows a significant homology to the Drosophila Toll-like receptor (TLR) 7 (probability, 3E-22, Table 2 ). These two proteins share 27% and 44% overall aa identity and similarity, respectively. Furthermore, a domain analysis revealed the presence of 17 leucine-rich repeats (LRR-TYPs), one LRR-carboxyl-terminal domain (LRR-CT), and a trans-membranous region in the cihA3I8-derived protein (Fig. 1A) . However, an 80-aa-long presumptive intra-cytoplasmic region appears to lack a Toll/IL-1R (TIR) domain, which is a characteristic feature of TLR family proteins and serves as a binding site for adaptor proteins such as MyD88. 20 This predicted Ciona protein is therefore more reminiscent of the mammalian RP105 protein, which is an atypical member of the TLR family.
21 RP105 possesses seven LRR-TYP domains, one LRR-CT domain, and a trans-membrane domain, but lacks a TIR domain. It must be noted that the GARP-like gene in Fugu (Table 4) appears to be a homologue of Ciona cihA3I8. The GARP-like protein possesses 15 LRR motifs and a trans-membrane region, but lacks a TIR domain again. Detection of a putative TLR/RP105 homologue indicates that Ciona hemocytes may play a role in pattern recognition of foreign materials.
An IL-17R/SEF-like gene
The ORF found in cihA4F14 encodes a polypeptide that is 769 aa residues long. The carboxy-terminal half of the predicted protein shows homology to the cytoplasmic region of mammalian IL-17R (probability, E-11, Table 2 , Fig. 1A ). Twenty-seven and 40% of the amino acid residues are identical and similar, respectively, between mammalian IL-17R and cihA4F14. The central portion of the predicted protein is rich in hydrophobic amino acid residues and probably corresponds to a trans-membranous region. The extreme amino-terminal 22 residues probably represent a signal peptide sequence. Thus, this polypeptide appears to be a Ciona homologue of IL-17R. In mammals, IL-17 is produced from T lymphocytes 22 whereas its receptor is expressed in a variety of cell types, such as fibroblasts and stromal cells, so IL-17 has a broad spectrum of biological effects. 23 In zebrafish, an IL-17R homologue encoded by the sef (similar expression to FGF) gene is co-expressed with several types of FGF and can attenuate FGF signaling by interacting with FGF-R1 and FGF-R2.
24
The tyrosine residue located just intra-cellularly of the trans-membranous region is conserved between zebrafish SEF and Ciona IL-17R/SEF-like and may serve as an adaptor-binding site via its phosphorylation. In contrast, the amino-terminal portion of Ciona IL-17R/SEF-like protein, which probably represents an extracellular region of the protein, shows no homology to the corresponding region of mammalian IL-17R or zebrafish SEF. A possible ligand for Ciona IL-17R/SEF-like protein cannot currently be predicted. Nevertheless, considering the expression patterns of mammalian IL-17R and zebrafish SEF and the fact that the Ciona IL-17R/SEF-like transcript was detected in hemocytes, Ciona hemocytes may to some degree be mesenchymal.
An ectodysplasin-like gene
The cihA3C10 clone harbors an intact ORF that is predicted to encode a 306-aa-long polypeptide. A domain analysis revealed a hydrophobic, trans-membranous region at the amino-terminus and a tumor necrosis factor (TNF) domain at the carboxy-terminus (Fig. 1B) . TNF domains are characteristic of TNF family proteins including TNF-alpha, CD40-ligand, and Fas-ligand. In mammals, these proteins are produced from monocytes and/or T lymphocytes and are involved in inflammation and apoptosis. However, the protein predicted from cihA3C10 shows highest homology to the ectodysplasin/tabby gene product (probability 4E-05, Table 2 ). Within the TNF domain, 24% and 45% of the amino acid residues are identical and similar, respectively, between mammalian ectodysplasin and Ciona ectodysplasin-like proteins. In mammals, mutations in the ectodysplasin/tabby gene cause hypoplasticity of epidermal tissues such as hair, teeth, and sweat glands, suggesting that it is involved in epithelium-mesenchyme interactions. [25] [26] [27] The significance of ectodysplasin-like expression in Ciona hemocytes is not presently clear. Perhaps Ciona hemocytes retain a more primitive mesenchymal origin than the hematopoietic cells in mammals.
The TNF gene family
The Ciona cDNA/EST database at Kyoto University 12,13 contains transcripts homologous to cihA3C10. Figure 1B illustrates a domain comparison between cihA3C10 and those in the Kyoto database. Interestingly, the sequences of ciad38f18, ciad58o04, and rciad56b20 are more similar to CD40-ligand, Fas-ligand, and TNF-alpha, respectively, based on a BLAST search. This finding, together with the identification of the corresponding gene in the draft Ciona genome sequence, 28 demonstrates the existence of an ectodysplasin/TNF-like multigene family in Ciona like that found in mammals. Whether Ciona hemocytes are involved in the interactions with the epithelium, inflammation, and apoptosis must be elucidated in the future by functional studies.
Expression profiles of cell-cell communication-
related genes As described above, cihA3I8, cihA4F14, and cihA3C10 were present in a hemocyte-derived collection of ESTs but not in ESTs that were obtained from various stages of Ciona development. We therefore decided to examine their expression in several different developmental stages as well as in hemocytes. RNA was prepared from fertilized eggs (E), cleavage-stage embryos (C), gastrulation-stage embryos (G), tailbud embryos (T), tadpole larvae (L), and hemocytes (H). Semi-quantitative RT-PCR analysis was performed as described in Materials and Methods. As seen in Fig. 2 , the RP105-like, IL-17R/SEF-like, and ectodysplasin-like transcripts were expressed more abundantly in hemocytes than in other tissues. In addition to these three genes, 76 additional transcripts listed in Table 1 were also selected from hemocyte ESTs by this same procedure. Thus, it is plausible that we may have identified a substantially large number of transcripts that are preferentially expressed in hemocytes.
Finally, we examined the expression profiles of other TNF family genes (Fig. 2) .
As in the case of ectodysplasin-like protein, the TNF alpha-like and Fas ligand-like transcripts were abundantly expressed in hemocytes, suggesting that hemocytes may be involved in inflammation and/or apoptosis. In contrast, the CD40 ligand-like transcript was detected uniformly throughout all developmental stages except for fertilized eggs. This CD40 ligand-like protein may therefore function as a general cell-cell communication molecule.
Conclusions
By using cDNAs/ESTs derived from hemocytes, we identified and sequenced cDNA clones representing 79 new transcripts. The amino acid sequence of each encoded polypeptide was predicted as well. Three of these transcripts, which encode RP105-like, IL-17R/SEF-like, and ectodysplasin-like (TNF family) proteins, were abundantly expressed in hemocytes and may possibly be involved in cell-cell communication in Ciona.
